We present ab initio results for the electron-phonon interaction of the Γ-point phonons in the tetragonal high-temperature phase of La2CuO4. Eigenfrequencies and eigenvectors for the symmetry-allowed phonon modes are calculated with the full-potential augmented plane wave+local orbitals method using the frozen phonon approach. It is found that the Γ-point phonons with the strongest electron-phonon interaction are the A2u modes with 236 cm −1 , 131 cm −1 and 476 cm −1 . To take effect of strong electron on-site interaction into account we use generalized tight-binding method that results in the interaction of phonons with Hubbard fermions forming quasiparticle's band structure. Finally, the matrix elements of Hubbard fermion-phonon interaction and their reduction due to strong electron correlation are obtained.
I. INTRODUCTION
All physical properties of solids are affected by electron-phonon interaction (EPI). The most powerful manifestation of EPI is superconductivity in metals. In high-T c compounds effect of EPI on superconducting pairing is also well pronounced [1] [2] [3] however its crucial role is under debate. The interpretation of underlying superconducting mechanisms in these materials is complicated since intrinsic strong electron correlations can both induce interactions which compete with EPI in pairing and modify electron-phonon coupling along with properties caused by it. To disentangle electron and phonon contributions in correlated materials new experimental and theoretical tools are wanted.
Recently an attempt to separate the electronic and phononic glue in high-T c superconductor has been carried out using femtosecond spectroscopy on Bi 2 Sr 2 Ca 0.92 Y 0.08 Cu 2 O 8+δ crystals with simultaneous time and frequency resolution 4 . Analyzing the different temporal evolution of the electronic and phononic contributions to the total pairing interaction Π (Ω) the authors claim the dominant role of the electronic mechanisms of pairing (∼ 80%) with minor (∼ 20%) contribution of the EPI. This very interesting approach nevertheless requires more deep theoretical analysis. In the Eliashberg theory 5 the total interaction determines both the pairing coupling and the renormalization of the electron dispersion in the normal phase. Our meanfield analysis 6 of the gap equation and isotope effect with simultaneous accounting of strong electron correlation and EPI results in the approximately equal contributions of the magnetic and EPI coupling in high-T c cuprates. However developed for extended Hubbard model theory similar to the MigdalEliashberg one with self-energy defined in non-crossing approach reveals only small contributions of phonons to superconducting pairing beside spin fluctuations induced by strong kinematic interaction 7 . Thus the problem of disentangling the electronic and phononic glue is far from being completed.
Theoretical study of the systems in which electronelectron interaction and electron-phonon one are nonnegligible demands to define the band structure, electron self-energy and polarization operators self-consistently. It is obviously that competition of these interactions can result [7] [8] [9] in different physics depending on both considered model and relevant physical parameters therefore realistic approaches are required. Since ab initio density functional theory (DFT) 10, 11 augmented with the local density approximation (LDA) 12 or generalized gradient approximation fails to describe strongly correlated systems new methods are developed. 13, 15 Linear response approach based on dynamical mean field theory (DMFT) 16 and LDA enables 13 to study the lattice dynamics and structural stability of correlated materials if correlation effects are mainly local and self-energy is dominated by the frequency dependence. Method combining the LDA linear response calculations and a few supercell calculations based on GW approximation 14 and screened hybrid functional DFT provides description of electronic structure and lattice dynamical properties of materials if self-energy has mostly the momentum dependence.
However these methods are often highly computationally demanding. For normal metals advantages of realistic DFT and model consideration have been successfully combined in hybrid scheme 17 . The later utilizes ab initio calculated [18] [19] [20] matrix elements of EPI and spectral functions which characterize electron-phonon scattering in the equations of developed [21] [22] [23] [24] many-body theory ex-plaining properties of solids caused by EPI in normal and superconducting states. To justify the hybrid methods for materials with strong electron correlations we propose to convert characteristics of EPI obtained in singleelectron LDA picture in parameters of generalized tightbinding method (GTB) 25 which describe interaction of phonons with Hubbard fermions forming quasiparticle's band structure. The GTB approach has been proposed earlier to study the electronic structure of strong correlated electron systems as a generalization of Hubbard ideas for the realistic multiband Hubbard-like models. This method combines the exact diagonalization of the intracell part of the Hamiltonian, construction of the Hubbard operators on the basis of the exact intracell multielectron eigenstates, and the perturbation treatment of the intercell hoppings and interactions. A similar approach to the 3-band p−d model of cuprates 26, 27 is known as the cell perturbation theory [28] [29] [30] [31] . The rest of the paper is organized in the following way: section II reports the computational details for the augmented plane wave+local orbitals method, section III contains the description of phonon eigenvectors and eigenfrequencies for La 2 CuO 4 obtained from abinitio calculations. These data are defined more precisely towards previous calculations. The resulting EPI matrix elements are presented in section IV, the scheme of proposed combined method for Hubbard fermion-phonon coupling study and a discussion of the obtained results are given in section V.
II. COMPUTATIONAL DETAILS
In order to obtain an optimized lattice constants and atomic positions as a starting point for frozen-phonon calculations, the augmented plane wave + local orbital (FP-APW+lo) method 32 We used 512 k points in the full Brillouin zone (BZ) for the self-consistency cycles, which yields 56 points in the irreducible wedge. The plane wave cutoff for expanding the charge density and potential in the interstitial region, G max , was 14.
All degrees of freedom, i.e., the atomic positions and the lattice constants, have been optimized starting from the experimental ones reported in Ref. 34 . The space group of La 2 CuO 4 in the tetragonal phase is I4/mmm (no. 139). The structure with the lowest total energy is found for a=3.72Å, c=12.98Å, i.e., the volume is decreased by about 5%. The positions of La atom and apex oxygen O2 are obtained as (0, 0, 0.3616 c) and (0, 0, 0.184 c), respectively, which implies that the z coordinate of the apex oxygen changes by 0.03Å, while the position of La is not affected by the optimization. LDA band dispersions calculated for given crystal structure by means of FP+APW+lo are presented in fig.1 .
III. Γ POINT PHONONS
Tab. I shows the eigenfrequencies and eigenvectors for all Γ point phonons of La 2 CuO 4 , while Tab. II compares the eigenfrequencies with previous ab-inito calculations [35] [36] [37] and results from infrared (IR) measurements, 38,39 neutron diffraction 40 and Raman scattering experiments. 41 The phonon modes have been obtained in the frozen phonon approximation. Details about the procedure are found, for example, in Ref. 42 . For each degree of freedom 4 displacements, two in positive and two in negative direction, have been calculated. A linear fit of the resulting forces as a function of displacement has been used to set up the dynamical matrix, which yields the phonon eigenfrequencies and eigenvectors.
In all three theoretical works 35-37 the LAPW method together with the LDA for the exchange-correlation potential was used for the groundstate computations. Compared to these calculations we have used a considerably larger set of basis functions (about 950 compared to 750 in Refs. 35 Our frequencies for the A 1g phonons are as the ones presented by Cohen et al. 37 in excellent agreement with experiment. A comparison of these results with the ones obtained without geometry optimization 35, 36 demonstrates that the optimized geometry improves the frequencies considerably. A similar situation is found for the A 2u modes, where the agreement with experiment is again improved significantly and gives very good results. For the B 2u mode the situation is different: our frequency of 227 cm −1 is about 10% higher than the one obtained with experimental geometry 35, 36 and thus closer to the result of 270 cm −1 obtained by neutron diffraction, 40 while Cohen et al. 37 report 293 cm −1 for the same mode. This is rather surprising, since the latter used a very similar method and the same geometry as it has been used in our calculations. Analyzing, finally, the results for the E g and E u modes, it turns out that our calculations have especially improved the results for the low-frequency modes of either species, where former calculations yielded either extremely low or even imaginary frequencies. This indicates that for the low-energy fea- , which indicates that the larger mass of La compared to Cu, which should lead to a lower frequency, is more than compensated by the effect of geometry optimization, where latter yields a result much closer to experiment.
IV. ELECTRON PHONON INTERACTION
The electronic band structure for the equilibrium and changed ionic positions of all Γ point phonons of La 2 CuO 4 has been calculated. Then in each case the difference between the Kohn-Sham eigenvalues of the distorted and undistorted system has been extracted. In order to compare the electron-phonon coupling parame-ters for the different phonon modes with each other, the displacements are normalized to obtain the dimensionless phonon coordinate Q defined as
Here, ω β is the eigenfrequency of the considered mode, M α is the mass of ion α and u α β is the corresponding real displacement.
The results for k = 0 point of Brillouin zone are given in Table III . We consider ionic position dependence of the 6 bands with predominant contribution of Cu-d x 2 −y 2 and Cu-d 3z 2 −r 2 bands, p x and p y bands of the in-plane oxygen O1, and p z bands of the apex oxygen O2. Such set of bands corresponds to 5-band p − d model and provide proper description of LDA bands near Fermi level. The electron-phonon interaction is very different for the different phonon modes: it is small for all bands for both E g modes as well as for E u modes with 210 cm −1 and 80 cm −1 and already an order of magnitude larger for the O1-p x , p y bands in case of the E u modes with 727 and 341 cm −1 . All of the A 1g modes exhibit considerable coupling to the O2-p z bands and O1-p x , p y bands. The same four bands and also Cu-d 3z 2 −r 2 band are the most affected ones in case of the B 2u phonon modes. The strongest EPI show three A 2u modes which especially alter the O1-p x , p y , O2-p z , and Cu-d 3z 2 −r 2 levels. The origin of this strong coupling is a poor screening of the Coulomb potential perpendicular to the conducting CuO 2 layers 44 that results in a strong modulation of the Madelung potential by c-axes phonons. A direct proof of strong coupling between electrons and ionic displacements along the c-axes was the colossal heat expansion of La 2 CuO 4 under high-power femtosecond light irradiation. 45 In this experiment a sudden increase of the c-lattice parameter induced by photodoped holes has been observed. The atomic displacements of the modes with the largest EPI, i.e., the A 2u modes with 236 cm −1 , 131 cm −1 , and 476 cm −1 are presented in Figs. 2.
V. HUBBARD FERMION-PHONON COUPLING STUDY IN STRONGLY CORRELATED LSCO-SYSTEM
In conventional metals electron-phonon interaction is of the form
where
is destruction (creation) operator of phonon of branch ν and momentum q; operators c k,λ,σ and c † k,λ,σ describe destruction and creation of electron with spin σ and initial momentum k in band λ; g λ (k, q;ν) is matrix element of interaction between phonon and band electron. To properly evaluate the matrix element of EPI in correlated material we should take into consideration that band structure of such system is not given by single electron picture of DFT augmented with LDA or GGA method. Indeed, band structure of strongly correlated electrons in cuprates looks like quasiparticle bandstructure of Hubbard fermions results from multi electron approach like LDA+DMFT [46] [47] [48] [49] 51 . From the very beginning the GTB method has been suggested for the Mott-Hubbard insulators like transition metal oxides to extend the microscopic band structure calculations and take the strong electron correlations into account. As any other cluster perturbation theory, the GTB method starts with the exact diagonalization of the intracell part of the multielectron Hamiltonian and treats the intercell part by a perturbation theory. The exact diagonalization of the intracell Hamiltonian results in complete set of orthogonal and normalized eigenstates {|p } and allow us to construct the Hubbard operators X pq f = |p q|. Due to definition of Hubbard operators any local operators can be presented as a linear combination of X-operators, for example electron destruction operator in the cell f with the band index λ takes a form
Equation (3) shows clearly the difference in the Fermi type quasiparticle description in the single electron language and in the multielectron one. The operator c f,λ,σ decreases the number of electrons by one for all sectors of the Hilbert space simultaneously, while the X pq f operator describe the partial process of electron removing in the (N + 1)-electron configuration |p with the final N-electron configuration |p ′ . The matrix element p| c f,λ,σ |p ′ gives the probability of such process. The splitting of electron stated by equation (3) on different Hubbard fermions and following spectral weight redistribution over these quasiparticles are the underlying effects of band structure formation in correlated systems. It is obviously that applying the presentation of electron (3) to Hamiltonian (2) will result in the interaction of phonons with Hubbard fermions forming quasiparticle's band structure.
To consider the problem in details we proceed with microscopical model of La 2 CuO 4 system which reflects its chemical structure and contains proper description of its low energy physics 56 : 
Here c f,λ,σ is the annihilation operator in Wannier representation of the hole at orbital λ with spin σ, and n f,λ,σ = c † f,λ,σ c f,λ,σ . Index f enumerates copper and oxygen sites, index λ runs through d x 2 −y 2 and d 3z 2 −r 2 orbitals on copper, p x and p y atomic orbitals on the planeoxygen sites and p z orbitals on the apical oxygen; ǫ λ -single-electron energy of the atomic orbital λ. T 
where index µ runs trough unmodified d x 2 −y 2 and d 3z 2 −r 2 orbitals on copper, symmetric a and b atomic orbitals on the plane-oxygen sites and p z bindng and antibinding orbitals on the apical oxygen. Taking into account probability coefficients p| c cell f,µ,σ |p ′ and definition (5) the electron-phonon interaction (2) is being transformed
Index m ↔ (p, p ′ ) enumerates quasiparticle band with intracell energy ω m = ε p (N + 1) − ε p ′ (N ), where ε p is the p-th energy level of the N -electron system, this energy acquires the band dispersion due to intercell hoppings 56 .
It should be stressed that the GTB bands are not free electron bands of the conventional band structure, these bands are formed by quasiparticle excitations between different multielectron terms and the number of states in each particular band depends on the occupation number of the initial and final multielectron configurations, and thus on the electron occupation. Parameters g SEC mn (k, q;ν) of interaction between Hubbard fermions and Γ-point phonons for k = 0 are presented in Table IV . Analysis of the data in Table IV shows that for each given quasiparticle band index m the strongest interactions are exhibited by A 2u modes with 236 and 131 cm −1 while E g modes and E u ones with 209 and 80 cm −1 demonstrate the smallest coupling. It completely consists with the features of electron-phonon interaction determining for a given band index λ in Table III. However comparison of maximum values of interactions in Tables III and IV for each given mode shows their reduction in the limit of strong electron correlation (Table IV) approximately on 20-30 percent with insignificant exceptions for two E u modes. This effect is caused by strong electron correlations in the system that is obviously from equations 6, 7, and 3. Moderate suppression of electron-phonon coupling by Coulomb interaction have also been obtained for Holstein-Hubbard model using dynamical mean-field approximation 59 . Finally we apply density functional theory and generalized tight-binding combined method for electron-phonon coupling study in strongly correlated LSCO-system. The suppression of parameters of interaction between Hubbard fermions and phonons due to strong electron correlation is demonstrated. Figure 2 . The atomic displacements for the three of the A 2u modes, which are the vibrations exhibiting the strongest electron-phonon coupling.
